Pure spin-current is of central importance in spintronics. Here we propose a two-dimensional (2D) spinbattery system that delivers pure spin-current without an accompanying charge-current to the outside world at zero bias. The principle of the spin-battery roots in the photogalvanic effect (PGE), and the system has good operational stability against structural perturbation, photon energy and other materials detail. The device principle is numerically implemented in the 2D material phosphorene as an example, and first principles calculations give excellent qualitative agreement with the PGE physics. The 2D spin-battery is interesting as it is both a device that generates pure spin-currents, also an energy source that harvests photons. Given the versatile operational space, the spin-battery should be experimentally feasible. 
I. INTRODUCTION
Two dimensional (2D) materials are important for applications in logic and photonic devices, solar cells, transparent substrates and most interestingly, wearable electronics 1 . The thin body in 2D makes them the natural choice for producing flexible structures. The spin physics of 2D materials is central for flexible spintronics that requires less power to operate [2] [3] [4] [5] . In flexible applications, self-powered systems -by harvesting photons for example, are greatly helpful 2 . It is the purpose of this work to propose and investigate a 2D photogalvanic spinbattery that generates pure spin-current without an accompanying charge current, for 2D spintronics.
The photogalvanic effect (PGE) is an optoelectronic phenomenon that occurs in materials without a spatial inversion symmetry 6 . A direct charge current is generated to flow by PGE with neither external bias voltage nor internal electric field like that inside the p-n junction of photo-cells. PGE is purely a nonlinear and symmetry induced optical response of materials to light, j ∼ αEE * , where j is the PGE photocurrent, E is the electric field of the light, and α the PGE coefficient. Because reversing direction of E will reverse the flow of current, j to −j, j must vanish unless α also changes its sign which can only occur when the material has no spatial inversion symmetry 6 . A device operating on PGE can deliver a dc electric current to the outside world in close circuit, i.e. liking a battery. Recent experimental demonstrations of PGE include using silicon nanowires 7 and Si MOSFETs 8, 9 , where inversion symmetry was broken by geometry of the device.
PGE has been exploited to generate spin-polarized charge current [10] [11] [12] [13] [14] , typically in materials having a strong spin-orbit coupling (SOC) including transition metal dichalcogenides 15, 16 and topological insulators [17] [18] [19] . These materials lift spin degeneracy by SOC so that spin-up and -down electrons are photo-excited by left and right circularly polarized light governed by the optical selection rule, to produce spin-polarized photocurrent I ph = I ↑ + I ↓ , where I ↑ , I ↓ are contributions from the spin-up and -down channels. Clearly, accompanying the charge-current I ph , there is also a spin-current I s = I ↑ − I ↓ , which is nonzero if I ↑ = I ↓ . A most interesting situation is when I ↑ = −I ↓ , i.e. the spin-up and -down channels flow in exactly opposite directions. When this happens, a pure spin-current I s flows without an accompanying charge-current I ph . Pure spin-current is prominent in spintronics 3 , spin caloritronics 20, 21 , spin Hall 22, 23 , spin pumping [24] [25] [26] and spin Seebeck effects [27] [28] [29] [30] [31] , where SOC plays the key role in lifting the spin degeneracy and/or inducing a transverse anomalous velocity.
Can PGE provide a physical principle of a device that generates pure spin-current without the aid of SOC? Indeed, in wide category of materials consisting light elements such as carbon, SOC is negligibly weak. Since there is no SOC, we consider such a device design (hereafter named spin-battery) in the form of a thin semiconductor (S) barrier sandwiched between two ferromagnetic metal (FM) contacts. The FM/S/FM structure is widely used in tunnel junctions where both spin-up and -down electrons flow from one FM through the semiconductor to the other FM, i.e. a flow of spin-polarized chargecurrent accompanied by a spin-current [32] [33] [34] [35] . By PGE, however, we show that the spin-battery can generate a pure I s to flow out of the system without any charge-current, and in open circuit, a spin resolved chemical potential difference is established on the two sides of the device due to the action of PGE.
II. PHYSICS OF THE PGE SPIN-BATTERY
The proposed PGE spin-battery is in the form of FM/S/FM in open circuit, and in close circuit it is part of a two-probe structure, (FM-electrode)+(FM/S/FM)+(FMelectrode), shown in Fig. 1 . Assuming there is no spatial inversion symmetry and for simplicity of discussion let's consider the central region to be mirror symmetric across the middle (C s point group). The semiconductor has an appropriate band gap for photon adsorption. Without losing generality, we implement the idea in two-dimensional (monolayer) black phosphorous called phosphorene as the semiconductor, sandwiched by nickel FM contacts. Phosphorene has attractive electronic and optical properties including significant carrier mobility 36 , direct band gap 37, 38 , broadband photoresponse [39] [40] [41] [42] and spin transmission 43, 44 . We emphasize that the physics of PGE spin-battery is general and the semiconductor is not restricted to phosphorene.
Before discussing the principle of spin-battery, let's outline PGE from the point of view of photo-excitation, using Fig. 1(b) which describes spin-degenerate case by replacing the FM metal with nonmagnetic metal such as Cu or Au. By absorbing photons, electrons are excited from the valence bands (VB) to the conduction bands (CB), and they flow out of the semiconductor to the left or right. At the same time, the holes left in VB are filled with electrons coming from the two metals. These processes are indicated by the blue dashed lines in Fig. 1(b) . When incident light is polarized in parallel (polarization angle θ = 90
• ) or perpendicular (θ = 0 • , 180 • ) to the mirror reflection plane, C s symmetry is maintained and due to this mirror symmetry, excited electrons have exactly the same probability to flow to the left or right, resulting in zero photocurrent. For other polarization angles θ, the coupling of polarized photons and electrons in the semiconductor breaks mirror symmetry, hence photo-excited electrons have different probabilities to flow to the left or right, resulting to a net photogalvanic current I ph at zero bias. This PGE current has a distinct dependence on the polarization angle θ, e.g. varies as sin(2θ) for the case of C s symmetry.
The physical origin of the photocurrent generated by PGE can be understood from the standard phenomenological theory 6 . For a material with Cs symmetry the photocurrent under normal incidence of a linearly polarized light is described by
Here, j z and j x are the photocurrents along the directions normal and parallel to the mirror reflection plane, respectively. For the circularly polarized light,
In Eqs. (1) and (2), E 2 0 is the electric field amplitude of the light, χ zzx , χ + , χ − and γ zy are tensors which depend on the photon frequency ω. Therefore, the PGE is essentially a second-order response to the electric field. Within this scenario, the light illumination contributes to the response coefficients χ zzx , χ + , χ − and γ zy , and thus generates a PGE photocurrent. Therefore, the behavior of the photocurrent either takes a sine or a cosine dependence on the light polarization, determined by both the light and the symmetry of the system.
Having understood the ordinary PGE, we now discuss cases with spins. If magnetic moments of the two FM in the spin-battery are in parallel configuration (PC) as shown in Fig. 1(c) , photo-excited electrons -regardless of their spin, act just like that in the nonmagnetic case, because the two spin channels are not coupled (no SOC). Consequently a spinpolarized charge-current I ph is generated by PGE when θ is not 0
• , 90
• , 180
• . Finally, if magnetic moments of the FM are in antiparallel configuration (APC) as shown in Fig. 1(d) , the C s mirror reflection symmetry of the device for individual spin channel is broken by the majority/minority density of states in the FM. Then, both spin-up and -down PGE currents I ↑ , I ↓ are generated for all angles θ, including at θ = 0
• and 180
• . Note that even though the spin distribution is different in APC as compared to PC, the charge distribution is the same in PC and APC (also nonmagnetic case). Therefore the total chargecurrent I ph = I ↑ + I ↓ must behave the same way as that in PC and/or in nonmagnetic case, namely I ph must vanish at θ = 0
• . We therefore arrive at a most interesting conclusion for APC: namely since I ↑ , I ↓ are nonzero at θ = 0
• , 90 • , 180
• by PGE but I ph vanishes at these angles, I ↑ and I ↓ must be equal in magnitude but flow in exactly opposite direction. In other words, for a device without inversion symmetry but is mirror symmetric, a nonzero spin-current I s without an accompanying charge-current I ph can be generated by PGE in APC. This device behaves as a spin battery because in open circuit, a spin resolved chemical potential difference is established on the two sides of the device due to the action of PGE. The device in Fig. 1(d) is the pure spin-battery which will be the focus of the rest of the paper.
Having qualitatively understood the pure spin-battery, we now implement the idea using the 2D phosphorene as the semiconductor. The phosphorene has a puckered structure with four P atoms in primitive cell as shown in Fig. 2(a) . It has a spatial inversion symmetry which belongs to the D 2h point group with the inversion center located between the atoms 2 and 3 indicated in Fig. 2(a) . This means that the symmetry is invariant when interchanging the atoms 1, 2 and 6 with atoms 5, 3 and 4, respectively. It is essential to break this intrinsic inversion symmetry to have PGE. This is actually not difficult because the local Schottky electric field formed at the metal/phosphorene contacts breaks the inversion symmetry, as shown experimentally (albeit in a different material) 7 .
III. MODEL AND METHODS
Hence, we construct a FM/semiconductor/FM structure whose energy diagram is that in Fig. 1(c,d) where the FM is nickel (Ni) and the semiconductor is phosphorene, as shown in Fig. 3 (a) . Phosphorene has a C s symmetry in which the zigzag direction is perpendicular to the mirror reflection plane. Again, the formation of Ni/phosphorene interface leads to a Schottky potential that breaks the inversion symmetry of phosphorene 7 . For instance, the electrostatic potential at atom 2 does not equal to that at atom 3, owing to the broken inversion symmetry. Note that the central region of the spin-battery is a composite system of Ni/phophorene/Ni.
The device model consists of three parts including the leftand right-hand nickel electrodes, and the center region, as shown in Fig. 3(a) . The electrodes are modeled by a fivelayer Ni(111) slabs consisting of 2 × 3 atoms in each layer, and the two electrodes extend to z = ±∞, respectively. The left-and right-hand electrodes are the mirror images of each other. In the center region, the phosphorene bridges and partially overlaps the two Ni(111) electrodes, with a vertical Ni-P distance of 2.0Å determined by the VASP calculation 45 . The whole system periodically extends in the x direction with a periodicity of 4.316Å. The calculated lattice constants of the phosphorene are a=3.32Å, and b=4.58Å which is homogeneously strained by about −5.7% in order to match the Ni lattice in the x direction. The bandgap of the phosphorene is 1.03eV calculated with the local density approximation.
The pristine phosphorene has a spatial inversion symmetry and belongs to D 2h point group with a mirror reflection plane (the x-y plane) perpendicular to the zigzag (z) direction. However, the contact with the electrodes breaks the D 2h symmetry of the pristine phosphorene, which can be easily seen from the side view of the center region shown in Fig. 3(b) . Even though, the mirror reflection plane (the x-y plane) still remains, as can be observed from Fig. 3(a) . Thus the phototransistor possesses the C s symmetry, owing to which we can obtain a spin-polarized photocurrent generated by the PGE.
We have developed a theoretical approach to calculate the photocurrent generated by the PGE based on density functional theory within the nonequilibrium Green's function (NEGF-DFT) formalism 46 and implemented it in the firstprinciples quantum transport package NANODCAL 47 . Specifically, for the linearly polarized light the photocurrent injecting into the lead L can be written as 46 ,
where
For the circularly polarized light, we obtain:
is same as that in linear polarized case and
In Eqs. (4) and (6), C 0 = (e/m 0 ) 2 √ µr ǫr 2N ωǫc I ω where m 0 is the bare electron mass; I ω is the photon flux defined as the number of photons per unit time per unit area; ω is the frequency and c the speed of the light; µ r is the relative magnetic susceptibility, ǫ r the relative dielectric constant, and ǫ the dielectric constant. N is the number of photons. In the above expressions, G r/a 0 are the retard/advanced Green's functions without photons, and G >/< 0 are the greater/lesser Green's function without photons. p x,y,z is the cartesian component of the electron momentum, and e 1/2x,y,z is the cartesian component of the unit vector e 1/2 which characterizes the polarization of the light. For a elliptically polarized light the polarization vector e=cos φe 1 ±i sin φe 2 , where "±" denotes the right/left handed elliptical light, and φ determines its helicity. In particular, φ = ±45 o corresponds to the circularly polarized light. For a linearly polarized light e=cos θe 1 +sin θe 2 , where θ is the angle formed by the polarization direction with respect to the vector e 1 . We calculate a normalized photocurrent, i.e. the photoresponse function written as R = J (ph) L eIω , which still has a dimension of area, i.e., a 2 0 /phonon where a 0 is the Bohr radius. We note that for laser power of 0.1 to 105 W/cm 2 with an illumination area of 1 µm 2 , the calculated photocurrent is from 1 pA to 1 µA, which can be measured experimentally 41, 48 . We calculate PGE current along the zigzag (z) phosphorene direction under linearly or circularly polarized light vertically incident to the phosphorene (y direction), indicated by the wiggly arrows in Fig. 3(b) . The light is polarized in the x-z plane, and for linearly polarized light the polarization vector e forms an angle θ with respect to the zigzag direction. A wide range of photon energies from 1.2 eV to 2.0 eV are investigated. SOC is not considered to reduce computational cost: we verified that including SOC does not qualitatively change any results. In the NEGF-DFT numerical calculations, double-zeta polarized (DZP) atomic orbital basis was used to expand all the physical quantities; the exchange and correlation were treated at the level of local density approximation; and atomic cores are defined by the standard norm conserving nonlocal pseudopotentials. In the self-consistent calculations and the photocurrent transport calculations of the two-probe device structures (Fig. 3) , 16 × 1 × 1 k-points were used. These calculation details were verified to obtain converged results. Unless otherwise specified, collinear spin is used for the NEGF-DFT calculations in which spin polarizations at different places are all along the same direction in either parallel or anti-parallel configuration.
IV. RESULTS AND DISCUSSION

A. PGE spin-battery
We first consider the case of PC [see Fig. 1(c) ] for which the calculated PGE photocurrent versus the polarization angle θ for linearly polarized light is presented in Fig. 4(a) . The PGE photocurrent is spin-polarized and both I ↑ and I ↓ vary as sin(2θ) and have opposite sign (i.e. opposite flow direction). Specifically, I ↑ (red square) and I ↓ (blue sphere) are well fitted as I ↑ ≈ −0.041×sin(2θ) (red line) and I ↓ ≈ 0.006×sin(2θ) (blue line), respectively. Consequently, the total PGE chargecurrent, I ph =I ↑ + I ↓ (dark triangles) also has a sinusoidal shape (black line) which is a characteristic feature of linear photogalvanic effect (LPGE) 6, 11 . For circularly polarized light, Fig. 4(b) shows that the I ↑ and I ↓ have the same sign, and both vary in terms of sin(2φ) where φ is the helicity of the circularly polarized light. The photocurrents are also well fitted with sine function (lines) as shown in Fig. 4(b) . The sine dependence of photocurrent on the helicity of circularly polar- ized light is the well known circular PGE (CPGE) [11] [12] [13] [14] . These numerical results are perfectly consistent with the qualitative discussion above: for instance at θ = 0
• , I ↑ , I ↓ and I ph all vanish, as we argued above by the PC model of Fig. 1(c) .
The variation of the PGE current in terms of sin(2θ) or sin(2φ) under linear or circular polarized light, is the typical behavior of PGE determined by the C s symmetry. According to the phenomenological theory of PGE 6 , whether the photocurrent is a sine or a cosine depends on the symmetry. For systems with C s symmetry, the photocurrent generated in the direction perpendicular to the mirror reflection plane is a sine, which is in perfect agreement with our first-principles results presented here. Note that the phenomenological theory has been widely adopted to explain experimental observations of LPGE and CPGE, for instances for p-GaAs/AlGaAs quantum well systems having C s symmetry 11 . As argued in the qualitative discussion above, the pure spinbattery is established by the device in APC [see Fig. 1(d) ] for which the calculated photocurrents by LPGE and CPGE are shown in Figs. 4(c,d) , respectively. The total photocurrent (dark triangles) are exactly in a shape of sin(2θ) for LPGE or sin(2φ) for CPGE, and are well fitted by the sine function (dark lines). In contrast, for individual spin channels, I ↑ and I ↓ have opposite sign and appear more like a cosine function. As a result, at θ, φ = 0
• and 180 • , the calculated total PGE charge-current I ph is essentially zero, while the spin-current I s =I ↑ −I ↓ is nonzero. Namely, the spin-battery generates a pure spin-current without an accompanying charge-current at these polarization angles. The calculated data are in perfect consistency with the qualitative discussion above.
To further understand the origin of pure spin-current generated by spin-battery, we now analyze the photocurrent which, if generated by linearly polarized light, has three components proportional to sin 2 (θ), cos 2 (θ) and sin(2θ), respectively [Eq.(1)]. The first two terms can be expressed in terms of cos(2θ). In APC (spin-battery), the charge distribution in the device remains to have C s symmetry, since the anti-parallel spin configuration does not influence the charge distribution as mentioned above. Therefore, I ph should be proportional to sin(2θ). However, spin distribution of the system is no longer mirror-symmetric in APC, therefore the two spin-resolved currents I ↑ , I ↓ , should neither be a perfect sine function nor a perfect cosine function. For linearly polarized light, I ↑ and I ↓ have both cos(2θ) and sin(2θ) components, although the former has a much larger amplitude as shown in Figs. 5(a,b) . It is thus concluded that I ↑ and I ↓ flow in opposite directions with the same magnitude at θ = 0
• , as the total photocurrent I ph =I ↑ + I ↓ vanishes due to its sine dependence on 2θ. A similar argument holds for circularly polarized light. Therefore, in APC or the spin-battery, PGE generates a pure spin-current at polarization angles θ, φ = 0
• , and 180
• . These results are what expected from the model presented in Fig. 1(d) , and also understandable from the phenomenological point of view 6 . Our calculation show that the linearly and circularly polarized light generates the same pure spin-current at θ = 0
• , also at θ = 90
• , which is also expected as at these angles the circularly polarized light has only one polarization vector hence equivalent to a linearly polarized light. Fig. 5(c) plots the calculated operational points of the spin-battery in terms of the photon energy in the range of 1.2 eV to 2.0eV and polarization angle θ. Namely, at the calculated data points, the spin-battery delivers pure spin-currents without an accompanying chargecurrent.
The PGE spin-battery is not limited to phosphorene but applicable in general as long as the appropriate symmetry condition is satisfied. For example, substituting the newly reported 2D puckered-arsenene [49] [50] [51] for the phosphorene should also be able to generate pure spin-current due to a similar structural symmetry. The flow of pure spin-current without an accompanying charge current is usually detected via the inverse spin-Hall effect 23, 52, 53 . For PGE spin-battery, a convenience is the characteristic sinusoidal dependence of the photocurrent which can serve as evidence for successful generation of pure spin-current, namely the PGE spin-battery not only generates pure spin-current but also provides detection by itself. Very interestingly, a recent experiment reported a persistent photocurrent in a few-layer phosphorous at zero source-drain bias 41 . While the measured data were not interpreted by the PGE physics 6 , the form of the observed photocurrent versus polarization angle θ suggests that it was likely due to PGE. We conclude that 2D PGE in materials without SOC such as phosphorene to be quite feasible and the PGE spin-battery realizable.
B. PGE spin-battery with disorders and SOC
The symmetry property of the spin-battery structure is so far emphasized to interpret results. In reality, an absolutely perfect symmetry (e.g. C s ) is difficult to achieve due to experimental factors such as the existence of impurities and slight differences in the two Ni/phosphorene contacts. Hence the stability against such perturbations should be examined. Concerning effects of impurity, a recent experiment showed that phosphorene can be alloyed with As atoms up to 80% As concentration 50 . We thus calculated a system by substituting an As atom for the rightmost P atom in the bottom sub-layer of the phosphorene [See Fig. 3(a) ]. Concerning asymmetry in the two Ni/phosphorene contacts, we calculated a system by displacing the right Ni contact and the connected Ni(111) substrate in the central region by 0.2Å along the x direction, corresponding to a mismatch of 4.63% relative to the lattice constant (4.316Å) of Ni(111) surface in the x direction. Both these changes break C s symmetry of the original ideal spin-battery in Fig. 1 (d) of the main text. The calculated photocurrent becomes that presented in Figs. 6(a,b) and several observations are in order. First, the PGE photocurrent changes from a perfect sin(2θ) of the ideal spin-battery to a form of sin(2θ+δθ)+C, where δθ and C are a phase shift and a constant depending on the photon energy, as shown by different curves in Figs. 6(a,b) . Second, compared with results of ideal spin-battery, the photocurrent is not so much affected by the As impurity as shown in Fig. 6(a) , but is significantly altered due to the contact asymmetry as shown in Fig. 6(b) . Third and most important, although the photocurrent I ph is no longer a perfect sine function on the polarization angle, zero I ph still occurs at certain polarization angles and photon energies, as evidenced in Figs. 6(a,b) . In other words, the nonideal spin-battery still generates pure spin-current even with the structural perturbations. Figs. 6(c,d) present the calculated operation points of the non-ideal spin-battery in terms of the photon energy and polarization angle, this is to be compared with that of Fig. 4 (c) for the ideal spin-battery. We conclude that the spin-battery works whether it is ideal or perturbed, albeit at some different photon energies and polarization angles. Importantly, the signature of pure spin-current generation is when the total photocurrent I ph vanishes which provides the operational point of the device whether it is ideal or not. It is interesting to investigate if the SOC effect will significantly alter the outcome of the spin-battery. To this end, we carried out calculations for the same spin-battery system by including SOC in the first principles analysis. Results show that the photocurrent is still a perfect sin(2θ), as shown in Fig. 7 , which qualitatively well agrees with results where SOC is neglected. In summary, we found that the 2D spin-battery device operated on PGE can deliver a pure spin-current without an accompanying charge-current to the outside world, which is important for 2D flexible spintronics. The device principle is implemented in the 2D material phosphorene and first principles calculations gave numerical data in excellent qualitative agreement with the PGE physics. The PGE spin-battery has excellent operational stability against structural disorder, photon energy and flux, and other material details. The 2D spin-battery is interesting as it is a device that generates pure spin-currents, an energy source that harvest photons, as well as a pure spin-current detector itself. Finally, given the recent experimental discovery of 2D ferromagnetism 54, 55 , the PGE spin-battery may be entirely realized by layered materials. 
